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Figure 17. 230 GHz full-resolution snapshots from a fiducial model in the best-bet region. This model passes 10/11 constraints. The different panels are snapshots

taken from the “best time,” when the synthetic observation has good (u, v) coverage.
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Figure 18. Reconstructions of a fiducial model in the best-bet region, compared to the April 7 observation. This is the same model shown in Figure 17. The leftmost
panel shows an average of the snapshots used in the synthetic observation, weighted by the number of baselines at each time. The second panel shows the averaged
image convolved with a 20 pas beam, which roughly approximates EHT resolution. The third panel shows an average image reconstructed from synthetic data using
the fiducial model. The final image shows the average image reconstructed from April 7 EHT data.

accretion model that follows plasma over a larger range in
radius than our fiducial models. It is also an open question
whether the outflow power could be detected in the dense but
crowded galactic center environment. Notice that this outflow
luminosity is comparable to the spin-down luminosity of the
Crab pulsar.

All fiducial models assume a particular parameterization for
the eDF (the Ry, prescription), use a common initial setup (a
magnetized torus), and assume that the black hole spin vector
and torus orbital angular momentum are aligned or anti-
aligned. To partially control for the errors introduced by these
assumptions, we have included a set of exploratory models.
These include several eDF prescriptions, a wind-fed model that
tracks accretion from stellar winds down to the scale of the
horizon, and tilted disk models in which the black hole spin and
torus angular momentum are misaligned.

Our nonthermal models are remarkably similar to their
thermal counterparts. For the limited set of nonthermal eDF
prescriptions we consider here the 230 GHz image structure
differs very little for models in which the nonthermal electrons
are introduced mainly in the jet. The 230 GHz variabilit?/ is not
detectably different than corresponding thermal models.'®* The
86 GHz size and flux density, which are the most restrictive
non-EHT constraints, are not detectably affected by the

164 The nonthermal models are imaged over 5 x 10°GM, / ¢, 50 constraints on

Mj; are weaker than for the fiducial models, which are imaged for 3 times
as long.
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addition of nonthermal electrons for most nonthermal models
(except =15 models). Nonthermal electrons consistently
increase the 2.2 um flux density over similar thermal models,
however. Accelerating even a small fraction of the electron
population into a nonthermal tail risks overproducing 2.2 um
emission. The 2.2 pm (and submm through mid-IR) flux
density therefore provides the strongest eDF constraints. Future
EHT analyses would benefit from incorporating submm
constraints (e.g., Bower et al. 2019), and because model
submm SEDs are highly variable, the submm and 2.2 pm data
should be as close to simultaneous as possible.

The stellar-wind-fed models of Ressler et al. (2020b) feature
the best-motivated treatment of boundary and initial conditions
for SgrA* models. They differ from our torus-initialized
fiducial models in that they follow plasma from its ejection
from stars on known orbits down to the event horizon. We have
imaged these models using an Ry,;gp prescription for the electron
temperature, with Ry, adjusted in the otherwise parameter-free
models to produce the correct time-averaged 230 GHz flux
density. The two models considered here, both with a, = 0, fail
the 86 GHz flux, m-ring width, and M3 constraints. This does
not imply that wind-fed models are ruled out; they clearly merit
further investigation with longer integrations over a broader
range of eDFs and a,.

In general, black hole accretion flows can be tilted in the
sense that the orbital angular momentum of the disk and the
spin angular momentum of the hole are misaligned. Tilted disks
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have not until now been included in EHT analyses because (i) it
is conceivable that accretion flows align either by consistently
oriented long-term accretion or by some analog of the Bardeen
—Petterson effect (Bardeen & Petterson 1975) and (ii) the tilted
disk parameter space is larger than the aligned disk parameter
space by two dimensions: the tilt angle and the longitude of the
observer. We considered models with tilt 30° and 60°, observed
at a single longitude. The integrations were too short
(3000 GM/ ¢®) to provide strong constraints on tilt, but we
find that the m-ring width test is particularly sensitive to tilt and
rejects a progressively larger fraction of the models as tilt
increases at the single observing longitude studied here. Tilted
models clearly merit further investigation.

Our fiducial models and variable x nonthermal models have
been run with independent GRMHD codes and imaged with
independent radiative transfer codes. The outcomes are largely
consistent (see Appendix A for details). The code comparisons
were valuable and helped identify multiple issues in the
independent simulation sets. The consistency between codes is
remarkable given the complexity of the modeling process and
the scope for error. Tracking down the remaining discrepancies
(e.g., in the 2.2 pm flux density) and developing a quantitative
error budget is an essential but difficult task for the future.

This paper is dedicated to the memory of John F. Hawley,
whose pioneering work on black hole accretion flows made this
paper possible. We are grateful to an anonymous referee whose
comments significantly improved this paper.
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Appendix A
Numerical Methods

A.l. Consistency of Radiative Transfer Simulations

Two studies have been undertaken within the EHT
Collaboration to evaluate the consistency of radiative transfer
codes.
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See text for details.
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The first, Gold et al. (2020), evaluated the consistency
between general relativistic ray-traced radiative transfer
(GRRT) codes when tracing geodesics and when integrating
the unpolarized radiative transfer equation. Gold et al. compare
BHOSS and ipole, which are the two transfer codes used in
this paper, and also compare to grtrans, raptor,
odyssey, gray2, and raikou. Code consistency was
found to be excellent, with sub-percent-level variations
between codes when run with standard numerical parameters,
i.e., without accuracy parameters tuned for consistency.

The second, B. Prather et al. (2022, in preparation), evaluates
code performance when imaging GRMHD simulation output
and when integrating the equations of polarized radiative
transfer. Prather et al. include ipole, grtrans, odyssey,
and raptor. Code consistency was also found to be excellent.

Uncertainty in the radiative transfer calculation is therefore
unlikely to contribute significantly to the model error budget.

A.2. GRMHD Simulations Consistency and Convergence

As evident in Table 1, the thermal models have been
calculated for an identical parameter space from two different
codes, namely, KHARMA and BHAC for the GRMHD
simulations and ipole and BHOSS codes for the GRRT
calculations. This allows us to perform an in-depth comparison
between the different numerical methods used in this work, in
addition to the EHTC code comparison projects (Porth et al.
2019; Gold et al. 2020).

In Figure 19 we show the correlation between the thermal
KHARMA and BHAC models for constraints where we have
predictions from both models. The top row shows, from left to
right, the 230 GHz flux density, M3, and the 230 GHz image
size obtained from image moments. Since we normalize the
230 GHz images to an average flux of 2.4 Jy within a time
window of 5000 M (28.5 hr for Sgr A™), the scatter around this
value is small. The deviation from an ideal correlation reflects
the precision and number of GRMHD snapshots included
during normalization procedure.

The correlation in M3 spreads over AM;=0.75, which
serves as a measure of intracode (e.g., MAD vs. SANE
accretion) and intercode (BHAC vs. KHARMA) differences.
Despite these differences, the models show a strong correlation
throughout the investigated models and parameter space.

We also find a strong correlation between models and codes
for the image size computed from image moments, i.e., second-
moment analysis.

The middle row presents the correlation plots for the 86
GHz flux density (left), the 86 GHz image size using second
moments (middle), and the NIR flux (right). The 86 GHz flux
and 86 GHz image size exhibit a shift toward larger values for
the BHAC models. This difference can be explained by the
larger field of view used for the BHAC models at 86 GHz
during the radiative transfer calculations. Thus, more extended
structure and therefore a larger total flux are included in the
BHAC models. This affects mainly models with large inclina-
tions i > 70° and jet-dominated emission models (Rpign = 40).

The NIR fluxes show a tight correlation over four orders of
magnitude and systematically larger flux for the BHAC models
for low NIR fluxes (log,,(NIR/Jy) < —7). These fluxes are far
below the NIR constraints of ~ 1 mJy, and therefore they do
not affect the passing or failing of the models. In the thermal
models the NIR flux is generated from the tail of the eDF and is
thus very sensitive to the electron temperature. Small
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differences in the distribution and value of the electron
temperature between the two codes explain the observed
decorrelation at very low NIR flux.

The correlation between models for the m-ring parameters is
presented in the third row of Figure 19. The correlation of the
diameter of the m-ring is plotted in the left panel. The spread
covers nearly the same extent as the 230 GHz image size (top
row, right panel); however, the scatter in the correlation is
larger. The same is true for the width of the m-ring (middle
panel in the last row of Figure 19). Compared to the diameter
and width of the m-ring, the asymmetry of the m-ring is less
correlated (right panel). Notice that horizontal and vertical
limits in the asymmetries occur because the parameter hits the
boundary of the allowed range, which is 0.5.

The smaller correlation of the m-ring parameters as
compared to the other parameters presented in Figure 19 is a
consequence of the noisy nature of the m-ring fits. Still, the
distributions are quite symmetric under reflection across the
diagonal, so the models are at least not biased with respect to
each other. Notice also that these plots do not capture all the
information that is contained in the distribution of m-ring
parameters, just the central value.

We are somewhat surprised by the strength of the
correlations seen in Figure 19. The range of each constraint
is substantially larger than the width of the correlation, so the
variations between models are real, detectable, and reproduci-
ble with independent codes. The question of the origin of the
systematic offsets between models for some constraints (e.g., in
the NIR) is interesting but beyond the scope of this paper.

Appendix B
Variability of GRMHD Models

Nearly all models fail to recover the variability of Sgr A" in
230 GHz flux density as measured by M;. In this appendix we
discuss and dismiss four possible causes for this variability
excess.

B.1. Effect of Resolution

For the 50% change in resolution considered in the
comparison shown in the preceding appendix (between
KHARMA and BHAC simulations) we find no evidence for
systematic changes in M3 with resolution. This is not a large
range in resolution, however, and much higher resolution
simulations (Ripperda et al. 2020, 2022; Nathanail et al. 2021)
show the emergence of qualitatively new structures (plasmoids)
in current sheets that could affect 230 GHz variability. A
deeper study of the resolution dependence of variability is
clearly warranted but is beyond the scope of this paper.

B.2. Simulation Duration

The fiducial models are evolved for~ 30,000 GM/c’.
Figure 20 compares M3 distributions from a fiducial KHARMA
simulation to a koral model with similar parameters that was
evolved and imaged for approximately three times longer. The
M5 distributions have similar mean and standard deviation
regardless of time interval chosen for comparison.
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Figure 20. Distribution of M5 from koral models, divided between the first
and second half of the simulation, and from the fiducial KHARMA models. We
choose the models that are at similar points in the parameter space, limiting the
comparison to spin —0.9, —0.5, 0.0, and 0.9 over all inclinations for the koral
models and MAD, Ry;g, 40, spin —0.94, —0.5, 0.0, and 0.94 for the KHARMA
models.

B.3. Effect of Ry,,,

The Ry;gn prescription (Equation (13)) has three free
parameters: Rpigh, Riow, and B In the main text the Rygn
parameter is varied while R, and (3. are set to unity.

The R, parameter determines the electron temperature in
regions of low (3, i.e., in and near the funnel. Increasing R)q
mimics rapid electron cooling. We are particularly interested in
the effect of increasing R, on Mj3.

Figure 21 shows the Mj distribution for a set of four
KHARMA models with four values of Ry, (1, 2, 5, and 10).
Evidently the M3 distribution does not exhibit a clear trend with
Ryign and is still inconsistent with the observed distribution
even at R, = 10.

B.4. Effect of Self-consistent Electron Heating

Ressler et al. (2015) provide a formulation to model electron
thermodynamics during the fluid evolution. Numerical dissipa-
tion at the grid scale sources entropy generation and is used to
heat the electrons based on a microphysical, subgrid heating
prescription. Local fluid and electromagnetic variables are used
to compute the electron entropy, which, along with the ideal
gas equation of state, can be converted into a temperature O,.
This approach allows computing the electron temperature at
each time step of the simulation rather than post-processing, as
is done in the Rpion and critical-3 prescriptions.

We consider three subgrid heating models that prescribe the
partition of dissipated energy into electrons and ions. Howes
(2010) computed the ratio of ion to electron heating due to
dissipation of Alfvénic turbulent cascade, while Werner et al.
(2017) and Rowan et al. (2017) considered magnetic
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reconnection as the source of energy dissipation at subgrid
scales. These studies provide approximate fitting formulae for
the ion-to-electron heating rate Q,;/Q, based on local ion-to-
electron temperature ratio 7;/T, and local magnetic field
strength—parameterized by o or .

We use a subset of the simulations analyzed in Dexter et al.
(2020). These include MAD and SANE accretion flows at spins
ay,=0, +1/2, +15/16. We compute the 3 hr modulation
index Ms, over the time interval 5000-10,000 GM/c’. The
average M3 values are comparable to similar Ry,;p, models, with
SANE reconnection models exhibiting a slightly reduced
variability as compared to the corresponding turbulent heating
models. However, the M3 distribution is still inconsistent with
the historical data.

B.5. Effect of Fluid Adiabatic Index

We expect the ions and electrons in hot accretion flows to be
thermally decoupled and the resulting plasma to be two-
temperature (Shapiro et al. 1976; Quataert 1998; Sadowski
et al. 2016; Chael et al. 2018; Ryan et al. 2018). The electrons
are relativistic and can be modeled as a fluid with an adiabatic
index I', = 4 /3, while the ions are nonrelativistic with adiabatic
index I'; =5/3.

The adiabatic index of the fluid assumes a value between I,
and I'; dictated by the thermodynamics of the ions and
electrons (see Figure 4 in Sadowski et al. 2016). If the electrons
and ions have equal temperature, then in the relativistic
electron/nonrelativistic ion regime the fluid adiabatic index is
13/9.

Our simulations are not fully consistent in their treatment of
the adiabatic index. All use a fixed I',4, but some set ',y =4/3
while others use 13/9 or 5/3.

Two-temperature simulations can self-consistently evolve
adiabatic indices of electrons and ions and compute the net
fluid adiabatic index with contributions from both species
(Sadowski et al. 2016). These two-temperature simulations
often show variation of the adiabatic index with polar angle,
with the fluid energy dominated by hot electrons near the poles
(I'=4/3) and by cooler ions and electrons in the midplane
T=5/3).

We evaluate the effect of I'yq on light-curve variability by
comparing M5 for thermal, GRMHD simulations with varying
[, This includes MAD models with T',g=13/9 (see
Section B.2 and Narayan et al. 2022) and SANE models with
I'.a = 5/3. The models exhibit light-curve variability similar to
the fiducial models, and all have M5 distributions that are
inconsistent with the historical data.

Appendix C
Pass/Fail Plots

The full set of constraint results for the fiducial models is
presented below in graphical form.

We start with the EHT constraints. Figure 22 shows the 230
GHz 2nd moment constraint and Figure 23 shows the null
location constraint. Figures 24-26 show m-ring diameter,
width, and asymmetry constraints, respectively. Figure 27
combines all the EHT constraints listed above.



THE ASTROPHYSICAL JOURNAL LETTERs, 930:L16 (49pp), 2022 May 10 Event Horizon Telescope Collaboration et al.

SANE, a= -0.5 SANE, a=0 MAD, a=0 MAD,a=+0.5
i:50%, Rpjgn: 10 i:30%, Rpjgn: 10 i:50%, Rpjgn : 40 i:10°, Rpjgn : 40
e Rine =1
== Ryu=2 i
Rine=5 !
=" Rp=10

20 13 =) 05 20 s 10 03 20 13 S0 05 20 s 10 03
logio(olp) logio(eip) logio(o/p) logio(o/p)

Figure 21. Modulation index computed over 3 hr intervals M3 for a subset of the thermal models (KHARMA data sets). For this analysis, we considered the
25,000-30,000 GM/ ¢ time interval.
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Figure 22. Second-moment constraint. Green indicates that the KHARMA, BHAC, and H-AMR models pass, yellow that one or two of the fiducial models fail, and red
that all three fail.
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Figure 23. Null location constraint. Green indicates that the KHARMA, BHAC, and H-AMR models pass, yellow that one or two of the fiducial models fail, and red
that all three fail.
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Figure 24. M-ring diameter constraints. Green indicates that the KHARMA, BHAC, and H-AMR models pass, yellow that one or two of the fiducial models fail, and
red that all three fail.
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Figure 25. M-ring width constraints. Green indicates that the KHARMA, BHAC, and H-AMR models pass, yellow that one or two of the fiducial models fail, and red
that all three fail.
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Figure 26. M-ring asymmetry constraints. Green indicates that the KHARMA, BHAC, and H-AMR models pass, yellow that one or two of the fiducial models fail, and
red that all three fail.
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Figure 27. Combined EHT constraints. Green indicates that the KHARMA, BHAC, and H-AMR models pass, yellow that one or two of the fiducial models fail, and red
that all three fail.
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Figure 28. 86 GHz flux constraints. Green indicates that the KHARMA, BHAC, and H-AMR models pass, yellow that one or two of the fiducial models fail, and red
that all three fail.
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Figure 29. 86 GHz size constraints. Green indicates that the KHARMA, BHAC, and H-AMR models pass, yellow that one or two of the fiducial models fail, and red
that all three fail.
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Figure 30. 2.2 ym flux constraints. Green indicates that the KHARMA, BHAC, and H-AMR models pass, yellow that one or two of the fiducial models fail, and red that
all three fail.
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Figure 31. X-Ray luminosity constraints. Green indicates that the KHARMA, BHAC, and H-AMR models pass, yellow that one or two of the fiducial models fail, and
red that all three fail.
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Figure 32. Combined non-EHT constraints. Green indicates that the KHARMA, BHAC, and H-AMR models pass, yellow that one or two of the fiducial models fail,
and red that all three fail.
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